The aims of this study were to provide normative data for dual energy X-ray absorptiometry (DXA) in 25 year old women and evaluate whether young adult Swedish women have bone mineral density (BMD) comparable to DXA manufacturer reference values and other equivalent populations. BMD at all sites was measured in the population-based PEAK-25 cohort (n=1061 women; age 25.5±0.2). BMD values were standardized (sBMD) and compared against NHANES III and other cohorts. Based on the DXA manufacturer supplied reference values, Z-scores were 0.54±0.98 (femoral neck; FN), 0.47±0.96 (total hip; TH) and 0.32±1.03 (lumbar spine; LS). In comparison to other studies, sBMD was higher in the PEAK-25 cohort (FN 1.5-8.3%), (TH 3.9-9.2%), (LS 2.4-6.5%) with the exception of TR-sBMD (trochanter) which was 2.5% lower compared to NHANES III. The concordance in identifying those in the lowest or highest quartile of BMD was highest between hip measurements (low 71-78%; high 70-84%), corresponding discordance 0-1%. At this age the correlation between DXA sites was strong (r=0.62-0.94). BMD in Swedish young adult women is generally higher than has been reported in other equivalently aged European and North American cohorts and suggests that that the high fracture incidence in Sweden is not explained by lower peak bone mass. The use of non-regional specific DXA reference data could contribute to misdiagnosed osteoporosis in elderly women.
Introduction
Fragility fracture incidence varies around the world, with the highest occurrence in Scandinavia [1] . Bone mineral density (BMD) is a strong predictor of fracture risk; for every standard deviation BMD decrease, fracture risk is doubled [2] . Consequently, BMD measurements, which are age-and sex-specific, are the cornerstone in diagnosis and risk evaluation. For individual assessment, appropriate reference values from a geographically and ethnically relevant, healthy population are necessary.
Bone mass later in life partially depends on peak bone mass (PBM) attained in young adulthood and defined as the highest bone mass achieved through normal growth [3] . Peak bone mass is also used as a comparative denominator for BMD values as a diagnostic tool; the T-score is an expression of standard deviations of current BMD relative to young adult BMD. Operationally, osteoporosis is defined as T-score values below -2.5 [4] . The Z-score i.e. standard deviations based on mean BMD values from a population of the same age is another comparative measure.
The T-score is primarily used to diagnose osteoporosis in postmenopausal women, while the Zscore is more relevant in the young and in premenopausal women [5] .
Since fracture risk estimates are based on the relative score, it is imperative that the T-score is appropriate to the older population to which it is being applied. Since peak BMD is strongly influenced by age, sex, geographical location and ethnicity, it is necessary to establish relevant normative values of bone mass from which the relative scores are calculated [6] [7] [8] [9] [10] [11] [12] . In particular, it is important to evaluate the relevance of the NHANES III values, since they constitute the WHO diagnostic reference.
Fracture rates in Sweden are very high, although it is not known if this is a consequence of a generally lower peak bone mass or related to other risk factors contributing later in life. The aims of the present study were (I) to provide normative data for DXA, including concordance between measurement sites, in a population-based sample of women aged 25, an age closely representing peak bone mass; and (II) to evaluate whether young adult women from Sweden have BMD comparable to the reference values supplied by the DXA manufacturers and to other comparable populations in the published literature.
Subjects and methods

Participants
The PEAK-25 cohort, recruited during 1999-2004, consists of 25-year old women living in Malmö, Sweden. A total of 2394 women were invited and 1166 (49%) agreed to participate.
Pregnancy (current or during the previous 12 months) was an exclusion criteria for the study and after removing these individuals and three others who fell out with the age limit, the final number in the cohort was 1061 [13] .
The study was approved by the Ethics Committee of Lund University and the Swedish Data Inspection Board. The study was performed according to the ethical principles of the Declaration of Helsinki. Written informed consent was obtained from all participating subjects.
Dual energy X-ray absorptiometry (DXA)
Bone mineral density (BMD, g/cm 2 ) was measured using dual energy X-ray absorptiometry (DXA, Prodigy, Lunar Corp., GE, Madison, Wisconsin, USA) and software versions 2.15-7.70 at total body (TB), femoral neck (FN), trochanter (TR), total hip (TH) and lumbar spine, L1-L4 (LS).
BMD at L2-L4 is also reported (Table 3) International Society for Clinical Densitometry (ISCD) guidelines [5] , individuals with Z-scores <-2SD were designated "below the expected range for age" and >-2SD were "within the expected range for age".
The DXA absolute precision errors (CV%) were 0.37% (TB), 0.90% (FN), 0.56% (TR), 0.50% (TH), 0.65% (L1-L4) and 0.70% (L2-L4). System stability was calibrated daily using a manufacturer-supplied phantom.
Comparisons of normative values
We compared the PEAK-25 BMD data with other studies reporting normative values for similarly aged women [7, 8, 10, 11, [14] [15] [16] [17] [18] , using the entire comparative cohort or a subgroup meeting the age criteria (25y±1y). When mean age was unavailable, the age-range was calculated as (low+high/2), to be within age 24-26. As individual BMD data was not available for the comparative cohorts, standardized BMD (sBMD) values were calculated using the formula sBMD = α + β × BMD [19, 20] . Coefficients α and β are dependent on scanner type and sub-region of hip-BMD as detailed in the supplementary information. A similar approach was used for recalculation of SD (SDrecalc = β × SD) [21] .
Calculation of LS-sBMD used the formula = δ × (LS-BMD -ε) + 1.0436 [22] developed for L2-L4 [22, 23] , but applied here to L1-L4 [24] . The constants (δ and ε) are dependent on scanner type and SD recalculation was performed according to Genant et al [23] . See supplementary information. Standardized BMD is expressed as mg/cm 2 to distinguish it from the manufacturer-
Comparative identification of high and low values
Understanding the concordance between DXA measured skeletal sites is important in identifying those with low BMD. To explore this, subjects with complete data (n=1021) were split into quartiles and analyzed for classification agreement of subjects in the lowest and highest quartiles for each region of interest (ROI).
Statistical methods
SPSS v19.0 (SPSS Inc., Chicago, Illinois, USA) was used throughout. T-test was used to compare between-group differences and Pearson's correlation was used for analysis of continuous data.
To evaluate differences in BMD between studies, the unpaired t-test was used, based on mean, SD and number of subjects. Significance was set at p<0.05.
Results
Normative DXA and anthropometric data for the PEAK-25 cohort are presented in Table 1 . Mean T-scores for FN, TH and LS, provided by the DXA-scanner, ranged from 0.31-0.61. The Z-scores were within a similar range. In this age group T-and Z-scores should be similar at all sites and while this was the case at the LS (p=0.30), T-score was significantly higher than the Z-score at the FN (p<0.001) and TH (p<0.001). Figure 1 shows the BMD distribution at all sites and for visual comparison, the average NHANES III value (available only for the hip) recalculated to a corresponding Lunar value.
BMD Distribution
According to the DXA provided FN Z-score (based on its built-in reference population), none of the PEAK-25 subjects had FN-BMD below the "expected range for age". Using the PEAK-25 calculated FN Z-score as reference (Z-scorecalc = 0.00±1.00), seven subjects had FN-BMD below the expected range for age (<-2SD), with a similar prevalence for total hip and lumbar spine (Table 2) .
Proportion with osteopenia and osteoporosis
Applying the WHO criteria for osteopenia and osteoporosis using T-scores (DXA) in this cohort of 25-year old women, three subjects were identified with osteoporosis at the spine (0.3%) and none were identified at the hip. T-scores representing osteopenia were identified at the LS (9.3%, n=98); FN (4.5%, n=48) and TH (4.8%, N=49).
Comparisons with other studies
The calculated, standardized BMD values in our cohort and the nine comparative studies [7, 8, 10, 11, [14] [15] [16] [17] [18] together with original BMD values are presented in table 3. The PEAK-25 data, compared to NHANES III, was higher at the FN (1.5%; p=0.044) and TH (5.4%; p<0.0001) but lower at the TR (-2.5%; p=0.002). Only in the NHANES III [14] and Paggiosi studies [11] was the TR-sBMD significantly higher than observed in the PEAK -25 cohort. Conversely, compared to Kroger et al, [18] , PEAK-25 participants had significantly higher TR-sBMD (2.9%; p=0.022; n=71), while similar values were noted compared to other studies.
For the other sites and studies, PEAK-25 values were either non-significantly different or higher than those reported: FN-sBMD (1.5-7.5%), TH-sBMD (2.6-9.2%), LS (L1-L4) (4.7%) and LS2 (L2-L4) (3.4%-6.5%).
Concordance between measurement sites
The concordance in identifying subjects in the lowest and highest DXA quartiles at different measurement sites was generally high, 71-78% of the same subjects fell into the low BMD quartile at all 3 hip sites and 70-84% in the high BMD quartile. Discordant results at the hip were seen in <1%. The concordance between hip and spine was 53-60%, and discordance 3-4%.
Correlations between the LS vs hip sites were lowest (0.62-0.74) and highest for TH-BMD vs TR-BMD (r=0.92).
Discussion
This study provides normative reference data for DXA measured BMD in Swedish women at the presumed age of peak bone mass in, to our knowledge, the largest population-based cohort of young adult women. This also makes the study highly suitable to assess the applicability of currently available reference values to diagnose osteoporosis from T-score. Furthermore, in comparison to both scanner provided reference values and other, albeit smaller studies, this study indicates that bone mass in young Swedish women is similar to or above the reported averages. This finding leads us to speculate that low peak bone mass may not be a key contributor to the high fracture rate in post-menopausal and elderly women in Sweden, rather that with age other individual and environmental factors influence reduced bone strength and fracture.
There are several other cohorts which have reported locally derived normative values [7-12, 14-18, 26] , however the most widely used reference population by DXA manufacturers is the NHANES III [26] ; with 971 subjects it represents ages 20-29 and includes men and women. The PEAK-25 cohort, with data based on more than 1000 twenty-five year old women, is likely to more accurately represent peak bone mass and consequently more relevant as a regional reference dataset.
T-score is expressed as standard deviations relative to BMD in a young adult population matched for sex and ethnicity, whereas Z-score is relative to a population matched for age (and in the case of Lunar DXA values, also adjusted for weight). Thus, as the PEAK-25 cohort is standardized for both age and sex, at an age where PBM is assumed to have been reached [27] , it could be expected that the T-scores and Z-scores should be close to zero. For both cases our results were approximately 0.5 SD above the DXA reference population. One reason may be that the reference population in the Lunar scanner is not applicable to Scandinavian women. Similar findings have been reported by Noon et al [28] who raised concerns with applying US reference values for Z-score calculation in UK populations. Another possibility might be that the reference population is not sufficiently large for a variety of settings or alternatively, young Swedish women actually have higher BMD.
If such a discordance between T and Z-scores persists later in life, there may be a risk of underdiagnosing osteoporosis; a lower BMD in a population may be 'normal' in relation to the scanner provided reference values, while in reality, given the higher BMD of the local young-normative reference population, BMD would actually be considerably lower. This theory is reinforced when we calculate our own Z-score specifically based on the PEAK-25 cohort, with more subjects below the expected range for age at all sites compared with the built-in reference population (NHANES III data).
This was also obvious when comparing T-versus Z-scores, especially at the femoral neck where T-score was almost 13% higher than the corresponding Z-score. This could be related to the reference population or to the inclusion of body weight in the Lunar Z-score calculations, which can create larger differences between T-and Z-scores [29] . Furthermore, our cohort was scanned using a Lunar Prodigy where T-and Z-scores were calculated using software versions some of which were before the use of NHANES III as the reference population [21] . This may contribute to the discrepancy between T-and Z-scores in our cohort i.e the T-and Z-scores values were positive for the trochanter whereas in comparison to the standardized values the PEAK -25 cohort was lower.
In general, these results, irrespective of the reason, indicate that we might diagnose disease based on questionable T-scores. Even Z-scores, which are recommended for the age of our population, call for use with discretion. Z-score calculation method is not standardized and differs between DXA manufactures, and concerns for its validity in clinical practice have been raised before [30] .
Comparison of the published normative DXA values in different populations may help address whether the reference population used by the DXA scanner is relevant and how BMD in young Scandinavian women compares worldwide. Overall, BMD values in PEAK-25 were similar or significantly higher compared to similarly aged international cohorts [7, 8, 10, 11, [14] [15] [16] [17] [18] . This suggests that lower peak bone mass does not simply explain the observed high fracture incidence later in life.
Although FN-BMD is the preferred site for diagnosing osteoporosis in elderly women [5] , it is useful to understand how it compares to other DXA regions in the young. At the femoral neck, the proportion of shared subjects reached 70-80% concordance for TR-BMD and TH-BMD, reflecting the high correlation between DXA measurements sites.
A considerable strength of this large population-based cohort is its design with a narrow age focus i.e. women aged 25, when bone accrual is regarded as being maximized. Also, our cohort uses a population-based approach, reducing the selection bias. Nevertheless, it is not known if our results are generalizable to other populations. Our study also has some limitations, one of which is the 49% response rate, although this is good for the age-group. To allow comparison with published cohorts, we rely on standardized BMD values, which may not fully account for scanner-related differences. Nevertheless, the consistent finding of higher BMD in our cohort, regardless of scanning method, suggests that our results are accurate.
In summary, this study provides the first normative bone mass data for DXA in a large population-based cohort of Scandinavian women at the age of presumed peak bone mass. Our study suggests that BMD in Scandinavian women is generally higher than has been reported in other equivalently aged European and North American cohorts. The study also emphasizes the importance of using ethno-geographically appropriate reference data to discriminate osteoporosis versus normal bone mass. ) reported as mean (SD). The recalculated standardized sBMD (mg/cm 2 ) allows comparison between studies. "PEAK -25 vs Study" is the % difference between sBMD's in PEAK-25 vs the compared study; unpaired t-test p-values are in parentheses. NA=not available. NS=not significant.
Figure 1
Normality curves for the distribution of BMD values in femoral neck, trochanter, total hip and lumbar spine (L1-L4). The mean with 1SD and 2SD is marked in each figure. In the graphs for the hip variables, the bold dashed line represents the NHANES III mean value, recalculated to a Lunar BMD value [19, 20] (FN=0.989, TR=0.850 and TH=1.011).
